The van der Waals density functional (vdW-DF) of Dion et al. [Phys. Rev. Lett. 92, 246401 (2004)] is a promising approach for including dispersion in approximate density functional theory exchange-correlation functionals. Indeed, an improved description of systems held by dispersion forces has been demonstrated in the literature. However, despite many applications, standard general tests on a broad range of materials are lacking. Here we calculate the lattice constants, bulk moduli, and atomization energies for a range of solids using the original vdW-DF and several of its offspring. We find that the original vdW-DF overestimates lattice constants in a similar manner to how it overestimates binding distances for gas phase dimers. However, some of the modified vdW functionals lead to average errors which are similar to those of PBE or better. Likewise, atomization energies that are slightly better than from PBE are obtained from the modified vdW-DFs. Although the tests reported here are for "hard" solids, not normally materials for which dispersion forces are thought to be important, we find a systematic improvement in cohesive properties for the alkali metals and alkali halides when non-local correlations are accounted for.
I. INTRODUCTION
London dispersion interactions are an ubiquitous phenomenon which contribute to the stability of a wide variety of systems ranging from biomolecules to molecules adsorbed on surfaces. However, the origin of the dispersion forces -non-local electron-electron correlations -makes their accurate theoretical description challenging. This is especially true for density functional theory (DFT) where local or semi-local functionals lack the necessary ingredients to describe the non-local effects. In fact, developing methods that include dispersion, at least approximately, has been one of the most important fields of development in DFT in the last decade. Out of the various schemes that have been proposed to add dispersion to current DFT approximations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , the van der Waals density functional (vdW-DF) method 3 is very appealing since it is based directly on the electron density. In this functional the exchange-correlation energy takes the form of
where the exchange energy E
GGA x
uses the revPBE generalized-gradient approximation (GGA) functional 12 , E LDA c is the local density approximation (LDA) to the correlation energy. The E nl c is the non-local energy term which accounts approximately for the non-local electron correlation effects. Although E nl c is obtained using a relatively simple double space integration, this still represents an improvement compared to local or semi-local functionals.
Although the vdW-DF method greatly improves the interaction energies of dispersion bonded systems, its accuracy, however, has been shown [13] [14] [15] to be inferior to certain GGAs for a range of systems where hydrogen bonds are present [16] [17] [18] . This has lead to modifications of the method that have focused on both the exchange and correlation parts 15, [19] [20] [21] [22] [23] . With several functional forms proposed, it is important to test the methods on general reference test sets to uncover strengths and weaknesses and help further development. To this end we assess here the functionals using a test set of solid state properties of materials 24 . Apart from method assessment, this is also important since many of the applications of the vdW functionals lie outside of "soft matter", involving, for example, adsorbates on solid surfaces.
Indeed there has recently been a surge of interest in the application of vdW-DF to adsorption processes, including adsorption of water or of hydrocarbons on different surfaces [25] [26] [27] [28] [29] [30] [31] [32] [33] . Such studies will require a good description of the structural parameters of the substrate to accurately describe the systems of interest 34 . The PBE lattice constant is usually employed in studies using revPBE-vdW, however, as we show here, the PBE and revPBE-vdW lattice constants can differ by several percent and the surface is therefore artificially strained.
There is at least one more reason to perform these tests: non-local correlations are thought to be important for solid state materials where the core electron densities have relatively large polarizability. For example, copper and gold have been subject to several studies [35] [36] [37] , with the vdW contribution to binding estimated to be 0.2-0.6 eV for Cu and 0.6-1.2 eV for Au (i.e., up to ∼30% of the total atomization energy of bulk Au). There are only a handful of studies concerning heavy alkali metals (see, e.g., Ref. 38 ), but it was found that dispersion needs to be included to make the bcc structure the most stable. More recently, the need to include non-local correlation in DFT semi-local functionals has been discussed for the heavy alkalis 39 .
Here we test the performance of several vdW functionals using a standard test of lattice constants, bulk moduli, and atomization energies of solids. Our test is similar to the test of Csonka et al. 40 and includes metals, ionic, and covalent materials. We include the original vdW-DF (referred to as revPBE-vdW herein), the recently proposed vdW-DF2 21, 41 (referred to as rPW86-vdW2 herein), and two vdW functionals developed recently by us, optPBE-vdW and optB88-vdW 15 . We also propose a new exchange functional based on the B86b exchange 42 which gives an accuracy similar to the optB88 based vdW-DF on the S22 reference set of weakly bonded gas phase dimers 16 and has an improved asymptotic behavior 41 . See Appendix A for more details of the optB86b exchange functional. This test, together with our previous study 15 , should give the reader a broad overview of the strengths and deficiencies of the vdW functionals that will hopefully lead to further developments.
The main outcomes of this study are: the revPBE-vdW and rPW86-vdW2 functionals significantly overestimate the lattice constants for most materials considered and the average absolute error is more than twice that of the optB88-vdW and optB86b-vdW functionals.
The optB88-vdW and optB86b-vdW functionals give errors between that of PBEsol and PBE with optB86b-vdW giving smaller errors than optB88-vdW. This is because the exchange enhancement factor (F x ) of the optB88-vdW and optB86b-vdW functionals is between the F x of PBEsol and PBE for small reduced density gradients (s). The optB88-vdW and optB86b-vdW functionals also almost halve the errors of PBE in atomization energies. optPBE-vdW improves over revPBE-vdW but not as much as optB88-vdW does. This behavior for the lattice constants is similar to that of binding curves and bond lengths; in all three cases the functionals with rapidly growing enhancement factors give on average longer equilibrium distances and agree less with the reference values than the functionals where F x follows the slowly varying gas limit for small s.
In the next section we discuss the implementation of the vdW-DF method and details of the computational setup. The results are summarized in Sections III, IV, and V for lattice constants, bulk moduli, and atomization energies, respectively. We study the differences between local, semi-local, and non-local correlation functionals in Section VI. And finally in Section VII we discuss the implications of this study for further development of the vdW-DF methods.
II. COMPUTATIONAL SETUP
We have used the VASP The statistical values that we use to quantify the errors of the functionals are the mean error (ME) and the mean absolute error (MAE), as well as the relative versions of these quantities, namely mean relative error (MRE) and mean absolute relative error (MARE).
III. LATTICE CONSTANTS
The lattice constants calculated with VASP are given in Table I . This has been related to the too steep behavior of the exchange enhancement factor for small reduced density gradients which can be seen in Figure 2 . Although originally both revPBE and rPW86 exchange functionals were selected because they give similar binding to Hartree-Fock for some gas phase dimers, at short separations these functionals are too repulsive 41 , which is important in hydrogen bonding and here for lattice constants.
The repulsion is largely decreased by utilising an exchange functional that has a less steeply rising F x and thus is less repulsive for short interatomic separations, such as the exchange functionals proposed in Ref. 15 (see Figure 2 ). The optPBE-vdW is based on the PBE functional and it gives similar lattices to PBE for all the systems except for the alkali and alkali earth metals. For these metals, the vdW correlation term gives better agreement with the reference than the semi-local PBE correlation. The average errors are further reduced by using the optB88-vdW or optB86b-vdW functionals. However, for the alkalis the lattice constants become too short and this worsens progressively as the ion size increases.
This might be caused by overestimation of the dispersion energy in the vdW functional 20 or by the lack of higher order terms 64 . The optB88-vdW functional yields a mean error of 0.013Å. The mean absolute error of 0.067Å is comparable to the error of optPBE-vdW (MAE = 0.064Å). The optB86b-vdW which, like PBEsol, follows the limit of slowly varying density for small s, further improves the agreement with the reference (MAE = 0.050Å) and performs in between PBEsol (MAE = 0.033Å) and PBE (MAE = 0.067Å).
Although it might be surprising at first sight that functionals optimized on interaction energies of gas phase dimers give very good lattice constants, it just highlights the connection between the influence of the exchange part on lattice constants, molecular bonds, and intermolecular binding curves 65, 66 . In all these cases the small s behavior is able to alter the properties, and by following the slowly varying electron gas limit all these three measures tend to be improved. All the methods overestimate the lattice constants for ionic solids and semiconductors and tend to give shorter lattices for alkali and alkali earth metals. As with the S22 set, both the revPBE-vdW and rPW86-vdW2 yield equilibrium distances that are too long in most cases. This is improved by the functionals with optimized exchange: optPBE-vdW, optB88-vdW, and optB86b-vdW.
IV. BULK MODULI
It is known that the results of a given functional for bulk moduli are related to the behavior for lattice constants. The shorter the predicted lattice constant, the higher the bulk modulus. The vdW functionals tend to follow this trend as can be seen from the data in Table II and the relative errors shown in Figure 3 . The revPBE-vdW and rPW86-vdW2 functionals give too soft lattices, with the bulk moduli smaller by more than 30% for Ag, Pd, Ge, and GaAs. This correlates well with the overestimation of the lattice constant by more than 3% for these materials with revPBE-vdW and rPW86-vdW2. The exchange enhancement factors F x of the functionals employed in this study: PBE, PBEsol, and revPBE which share the same functional form but differ in the values of parameters, rPW86 which is used in the rPW86-vdW2 21 functional, and three exchange functionals (optPBE, optB88, and optB86b) optimised for use with the vdW correlation 15 . The steepness for small reduced density gradients (s) is of crucial importance in determining the lattice constants.
There are several trends that one can observe, perhaps the clearest is the tendency of PBE and PBEsol to underestimate the bulk modulus with the increase of the ion size. This is most prominent for semiconductors, where it is clear that none of the vdW functionals alter this trend. On the other hand the RPA results do not suffer this deficiency. Importantly, this softening trend for alkali metals is improved by the vdW functionals. The reference experimental values were not adjusted for zero point energy effects which would slightly increase the reference values (up to ∼3% in the case of Li 40 ). Let us then conclude that here again the optimized vdW functionals improve upon the original methods and they follow the trend expected from the errors in the lattice constants. Specifically, the average absolute errors increase in order PBEsol < optB86b-vdW < optB88-vdW ≈ PBE ≈ optPBE-vdW
V. ATOMIZATION ENERGIES OF SOLIDS
The calculated atomization energies for our selection of solids are presented in Table III , and the relative errors are shown in Figure 4 . Again we include for comparison, LDA, PBE, PBEsol, and RPA data in (ME = 15.1%). The optimized optPBE-vdW, optB88-vdW, and optB86b-vdW functionals
give much improved results with the average relative errors of −3.0%, −1.3%, and 2.1%, respectively. In most cases the optimized functionals tend to give larger atomization energies and increase in the order optPBE-vdW, optB88-vdW, and optB86b-vdW. Only in the case of the alkali metals does optB88-vdW give less binding than optPBE-vdW which for these materials agrees well with the reference values.
Interestingly, when one compares the GGA and vdW correlation functionals, there seems to be some systematic improvement as well, most notably for the alkali metals. While the PBE atomization energies get progressively worse with the increase of the ion size, all the vdW functionals give errors of a similar magnitude. While one can observe a similar trend for PBE atomization energies of semiconductors, which is decreased by the optimized vdW functionals, PBEsol seems to improve over PBE as well. The atomization energies of the alkali halides calculated using the optimized vdW functionals are also in better agreement with the reference data than either PBE or PBEsol. The effect of different correlation functionals will be discussed more in the next section. 
VI. THE EFFECT OF NON-LOCAL CORRELATION
Although we know that the vdW-DF correlation form is only approximate, it is interesting to see what changes occur when semi-local correlation such as the PBE correlation (referred to as "PBEc") is replaced by the non-local form of vdW. (The "vdW correlation" is the
+E nl c correlation energy). To study this change we have calculated the lattice constants using the PBE exchange functional (referred to as "PBEx") and LDA, PBE, and vdW correlation functionals. This way we can directly compare the effect of adding PBE semilocal or vdW non-local corrections. Let us first present the results for the lattice constants in Figure 5 . At first sight, the PBEx-PBEc and PBEx-vdWc give rather similar results, consistently decreasing the PBEx-LDAc lattice constant 67 . This means that an exchange functional which gives good results for solids with PBE correlation will tend to give good results with the vdW correlation as well. As we noted before, there is, however, a clear difference for the alkali metals, where the PBEx-PBEc gives progressively worse lattice constants with the increase of the ion size. This is even more pronounced for the atomization energies, shown in Figure 6 , where PBEx-PBEc underbinding starts at only −3% for Li but worsens to ∼−15% for Cs. This trend is clearly reversed by the vdW correlation, although too much. The tendency to underbind larger ions by semi-local functionals is analogous to the behavior of semi-local functionals for noble-gas dimers in the gas phase 68 . The interaction energy is obtained only from the region of electron density overlap and therefore does not Note that the trend in lattice constants is not improved and it would be actually worsened by using a hybrid functional 48 . Thus the semi-local PBE or non-local vdW correlation with semi-local or hybrid exchange seems to be unable to describe the delicate balance of the interactions in the late transition metals. For semiconductors PBEx-vdWc further increases the lattice constants compared to PBEx-PBEc. Since for these systems the nonlocal correlation is less important than the semi-local contribution, the results suggest that the semi-local part of the vdW correlation is effectively less attractive than PBEc. However, PBEx-PBEc worsens the atomization energies for solids with larger atoms where the vdW correlation improves the trend. 
VII. DISCUSSION AND CONCLUSIONS
In this study we have compared solid state properties obtained with different semi-local and non-local exchange-correlation functionals and we summarize the main results in Table IV. We have found that the particular choices of exchange functionals made by Langreth This leads to similar improvements for the bulk moduli. From our study it seems that the vdW correlation functional does not improve dramatically over PBE except for the lattice constants of the alkali metals. This means that there is still some spread of the errors in the lattice constants which is not improved compared to PBE or PBEsol and further developments are required to reduce this range of errors. Importantly, the atomization energies seem to be qualitatively improved when a non-local correlation functional is used. This is most notable for the alkali metals, where PBE and PBEsol increasingly underbind with the increasing size of the ion but the vdW functionals suffer no such deficiency. Moreover, the atomization energies of ionic solids are in very good agreement with the experimental values.
Let us now discuss the results obtained here in a broader context. First, after the local and semi-local approximations, the non-local density functionals are the next logical step before the orbitals are introduced in the exchange-correlation energy such as is done in the RPA or hybrids. In this sense the non-local correlation functionals offer great promise.
However, both revPBE-vdW and rPW86-vdW2 suffer from too much repulsion at short distances, a well known feature of revPBE-vdW for systems like the gas phase dimers 3, 21, 62 .
In this study we have shown that lattice constants of solids are subject to similar errors. This is a significant problem since accurate lattice constants are crucial for the predictive power of theory 34 . One possible way to alleviate the problems is to change the exchange functional. We have shown that functionals with less steeply rising exchange enhancement factors for small s will improve both results on the S22 set and, in this study, the lattice constants of solids. However, it is known that this change will reduce the accuracy for molecular atomisation energies and further development to alleviate this is required.
At a more fundamental level, the question of what form of exchange and correlation to use is still to be resolved. In principle one can try to find an exchange functional compatible with "dispersionless" interaction energies 70 . Another approach might be to fit a functional to interaction energies based on the so called exact exchange (EXX) in the ACFDT formalism.
This would allow the correlation part to be compared directly to the ACFDT correlation energy (e.g., in the RPA approximation). However, this might not be qualitatively that different from trying to reproduce HF binding curves. Moreover, the EXX energy depends on the single particle orbitals and the correlation part will be just E
EXX c = E(exact) −E(EXX).
Therefore no "exact" correlation energy can be defined in this sense. Even defining E EXX c using some choice of orbitals will mean that this needs to be reproduced by a given DFT functional which seems to be rather difficult. So far, even the form of semi-local correlation that should be used is an ongoing debate 3, 71 . This includes the question of how much of the semi-local correlation energy the vdW correlation functional recovers. In this light, there is a need for reference systems to help the development, similar to GGA functionals where lattice constants, atomization energies, bond lengths, and other data have been extremely useful. The doubts and discussions concerning the vdW functionals just highlight the need for accurate reference data for gas phase clusters, adsorbates, solids, and so on. The approach of using quantum chemistry methods for the solid state 17,72-76 is one that seems very useful and deserves more attention.
To conclude, we have calculated solid state properties of a set of solids using a self- it became apparent that the behavior of the exchange enhancement factor (F x ) for small reduced density gradients (s) affects the position of the repulsive Pauli wall. Functionals with steeply increasing F x are more repulsive, and more importantly, start to be repulsive for longer distances than functionals with F x less steep or flat, like LDA. Therefore lattice constants tend to be longer when one goes from LDA to PBEsol to PBE to revPBE 49, 51 and similar observations can be made for equilibrium distances of gas phase clustes, e.g.
the water dimer 66, 77 . This has been exploited in the PBEsol functional which decreases the average overestimation of the PBE equilibrium distances 57 . In an analogous way the overestimation of the revPBE-vdW binding distances, observed for many systems, can be reduced by choosing a functional that rises less steeply for small s. Using the same small s behavior as PBEsol leads to a good agreement of the gas phase dimer binding curves with the reference data. For large s, it has been suggested that F x should have s 2/5 behavior 41 .
We modified the B86b exchange functional to obey these limits (although the second with a coefficient slightly different from the one suggested in Ref. Figure 2 . The optB86b-vdW gives almost the same results on the S22 dataset as the optB88-vdW functional, namely the mean absolute deviations are 12 meV for the total set and 13, 16, 6 meV for the hydrogen, dispersion, and mixed bonding subsets (using the reference data of Podeszwa et al. 78 on the geometries of Jurečka et al. 16 ). However, since this form has a less steeply rising F x for large s than optB88, it is less repulsive for distances larger than optimum. This leads to a smaller error cancellation between exchange and the overestimated correlation than for the optB88-vdW functional.
Appendix B: All electron density based lattice constants
Our tests comparing the approximate vdW evaluation in VASP to all-electron calculations show very good agreement between both approaches. However, it is not clear if reference quality calculations can be performed since the vdW energy depends on the PAW potential used. In this part we aim to obtain all-electron based lattice constants and then assess the accuracy of VASP against this benchmark. We start by showing that by utilising different PAW potentials the lattice constants differ. For example, we show lattice constants of Ge evaluated with three different PAW potentials in Table V. The potentials are Ge with 4 valence electrons, Ge d with 14 electrons, and a hard Ge h with 14 electrons. One can see that the differences between the optB86b-vdW lattice constants cannot be completely attributed to the differences caused by the PAW potential, shown by the optB86b-LDA values.
Therefore in the following we first test convergence of the various parameters involved. For this we use Ge because of its medium size and the fact that three different PAW potentials are available for it. Later, in Section B 2 we obtain the all-electron based data for the whole set.
TABLE V: Lattice constants inÅ of Ge evaluated using various approximations for the E nl c for the optB86b-vdW functional. Three PAW potentials were used, Ge has four valence electrons, Ge d and Ge h fourteen, and Ge h has a smaller core radius. The FFT grid contains 120 points in each direction, so that the grid spacing in the cell is ∼0.05Å. All the calculations used q cut 0 = 10 and N α = 30 to allow for a comparison between VASP and the all-electron results. The differences in the optB86b-LDA lattice constants represent the error given by the PAW potential. One can see that the all-electron based evaluations of the vdW energy (̺ cut20 ae and ̺ nosof t ae ) give almost the same differences in lattice constants between the different PAW potentials as optB86b-LDA. The optB86b-vdW lattice constant calculated with VASP agrees well with the all-electron calculations for the hard potential, the agreement is worse for the Ge and Ge d potentials. However, in the worst case of the Ge potential this deviation is 0.018Å, much smaller than the difference of ∼0.07Å when only the real valence density (̺ val ) is used.
Ge
Ge To calculate the all-electron vdW energy we use a standalone programme based on the vdW routines in SIESTA 45, 79, 80 . However, the calculation of the AE based lattice constants is not straightforward as several parameters need to be converged. Importantly, the AE density represented on a finite grid leads to numerical errors close to the ionic cores. Therefore we first smoothly cut the electron density around the cores and test the convergence of the other parameters. We then study the effect of the cut of the density. Furthermore, we test if the lattice constant can be evaluated using only the valence electron density. We use the lattice constant of Ge with the Ge h PAW data set for the tests of the parameters.
Convergence tests
The efficient vdW algorithm introduces two basic parameters that control the quality of interpolation of the q 0 function: a cut-off q cut 0
and number of interpolation points N α . The vdW energy also depends on the underlying FFT grid and the density cut-off needed to avoid numerical errors close to the cores. The FFT grid is the most straightforward parameter to converge and we find that grid spacing around 0.03Å can be considered converged, compared to grid spacing of 0.04Å the lattice constant changes by only 0.002Å. and N α affect the value of the lattice constant more significantly. As can be seen in Table VI , the lattice constant seems to converge when both q Before calculating the lattice constant on the whole solid state test, we present two without this term are virtually identical when the electron density is cut and a "hard" vdW kernel is used (c.f. the data in Table VIII and Table VII) . Therefore one can use the allelectron density to evaluate the lattice constant if the soft correction is not added. However, as the data for large N α in Table VIII suggest, there is some numerical noise introduced from the interpolation as well. Despite this, the difference in the lattice constants of the all-electron smoothed density and the all-electron density without the soft correction is very small (< 0.1%).
TABLE VIII: Dependence of the Ge lattice constant of the all-electron density cut-off and the number of interpolation points N α . The soft correction was not added to E nl c . q cut 0 = 10 was used. In this case the all-electron density can be used without any cut-off (row ∞) since the contribution from the inner shells is small. The agreement with data in Table VII It is also interesting to try to use the real valence density (i.e. not the pseudo valence density) to obtain the lattice constant. In this case the lattice constant converges quickly with all the parameters and, in the case of Ge, the converged value is 5.737Å, slightly larger than the 5.732Å obtained with the all-electron density. As we shall see, the agreement for other materials strongly depends on the number of electrons included in the valence shell.
Let us now summarize the results and compare the lattice constants obtained using the softer potentials as well. We compare the VASP calculations to the real valence, and allelectron with and without electron density cut-off in Table V 
Comparison on the whole set
Now we proceed to calculate the lattice constants of the chosen solids using the approaches shown above. This allows us to test if we need to use the quite cumbersome all-electron evaluation or if VASP can be used. We use several ways to estimate the lattice parameter:
first, we calculate it directly from VASP using the approximated E nl c . Second, the real valence density is used, third, the all-electron density without the soft correction. Finally, the vdW energy is calculated on the all-electron density with a density cut-off imposed to avoid numerical errors. The VASP implementation uses N α = 30 interpolation points with q cut 0 = 10, the real valence and all-electron calculations use N α = 40 interpolation points and q cut 0 = 10. The number of FFT grid points is set by hand to a large number so that the integration grid spacing is ∼0.03Å.
The lattice constants using optB86b-vdW are collected in Table IX and shown in Figure 7 .
One can see that the data obtained with VASP (violet +) are in a very good agreement with the all-electron calculations (black +) that use smoothed electron density. This then justifies the approximations involved in the evaluation of the vdW correlation energy in VASP. The calculations without the soft-correction (green ×) on the all-electron density are generally very similar to the smoothed density calculations. As we have shown earlier, this seems to come more from the representation of the electron density on the finite grid. We find the largest deviations from the AE results for alkali and alkali earth metals, which are very sensitive to the errors in the vdW correction because of their small bulk moduli. This means that the lattice constant calculated with the all-electron density has some error and the very good agreement between the VASP and AE calculations for Cs might be accidental, the trend towards shortening the lattices with the increased size of the ion is not affected. For the other materials the differences are below 0.1%, i.e., the results differ only at the third decimal place in most cases. This level of accuracy of our VASP calculations is more than sufficient to recover the trends and also similar to or better than the differences for the same solid and functional obtained with different codes 40 .
An interesting approach which would circumvent the problematic calculation of the AE vdW correction would be to use the real valence density to calculate E nl c . However, lattice constants obtained with this approach (blue circles in Figure 7 ) are slightly larger than the AE ones. This difference seems to crucially depend on the number of shells included in the valence, this is supported by the fact that the largest errors are observed for Al (3 electrons in valence), Si (4), and As (5). Although the valence electron density based data can't be used to obtain a reliable lattice constant in some cases, they seem to give a good upper bound of the AE based values.
FIG. 7:
Lattice constants of various solids calculated with different approximations of the non local van der Waals energy for the optB86b-vdW functional. The self-consistent implementation in VASP and non-self-consistent calculations based on the same density are reported. These use the real valence density ("valence") and the all-electron density without ("AE no soft") and with ("AE dens. cut") the soft correction. The VASP calculations tend to give better agreement with the AE calculations because of the partial electronic core charge density added to the pseudo valence density.
TABLE IX: Lattice constants inÅ calculated with the optB86b-vdW functional using different approaches and compared to the zero point energy corrected experimental value. Self-consistent calculation using the sum of the pseudo valence density and the soft core density ("VASP"), postprocessing calculations using the real valence density ("̺ val "), all-electron density with ̺ ae and without ̺ nosof t ae the soft correction are given. To assess the validity of our implementation and to evaluate its accuracy we calculate the atomization energies of the solids within VASP and with the all-electron post-processing correction. A self-consistent calculation using optB86b-vdW is done for the solid close to the energy minimum and the respective atom or atoms in a large rectangular box (with approximately two times larger sides). From this calculation we obtain the approximate E nl c . In the next step, the all-electron density from the VASP calculation is used to evaluate E nl,ae c
Solid
. By subtracting the solid energies per atom from the atomic ones, we obtain the nonlocal contribution to the atomization energy for these two approaches which we can compare.
The results are summarized in Table X where we show the E nl c contribution to binding from VASP and from the all-electron calculations with and without the soft-correction, along with the total atomization energy. The agreement is very good overall with the errors in the total atomization energies below 2%. The soft-correction is not calculated in VASP, however, its effect on the atomization energies is negligible.
As was shown in the case of lattice constants the all-electron density based E nl,ae c strongly depends on the underlying grid and high density regions need to be cut. The problem is less severe in the case of atomization energies where we use exactly the same grid spacing for the solid and atomic calculations so that numerical inaccuracies cancel out. In most cases the calculations with cut density give the same vdW contribution to the atomization energy (to within a meV). In a few cases the contribution differs slightly (by up to 30 meV for Pd), and therefore we give the results calculated with the electron density cut above 100 a.u. in Table X . * Electronic address: angelos.michaelides@ucl.ac.uk TABLE X: Total atomization energy from VASP (E at,total ) using optB86b-vdW and contribution of the non-local correlation term (E nl c ) to the atomization energies for a set of solids. The nonlocal correlation has been calculated with VASP self-consistently, and using the SIESTA routine on the all-electron density with and without the soft-correction. All data in eV. The reference atom calculations were done in a rather small cells with a side length approximately twice the side of the conventional unit cell of the appropriate solid and thus they are not fully converged. The atomisation energies are therefore lower than those reported in Table III 
